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Constrictions in blood vessels and microfluidic devices can dramatically change the spatial distri-
bution of passing cells or particles and are commonly used in biomedical cell sorting applications.
However, the three-dimensional nature of cell focusing in the channel cross-section remains poorly
investigated. Here, we explore the cross-sectional distribution of living and rigid red blood cells pass-
ing a constricted microfluidic channel by tracking individual cells in multiple layers across the channel
depth and across the channel width. While cells are homogeneously distributed in the channel cross-
section pre-contraction, we observe a strong geometry-induced focusing towards the four channel
faces post-contraction. The magnitude of this cross-sectional focusing effect increases with increas-
ing Reynolds number for both living and rigid red blood cells. We discuss how this non-uniform cell
distribution downstream of the contraction results in an apparent double-peaked velocity profile in par-
ticle image velocimetry analysis and show that trapping of red blood cells in the recirculation zones
of the abrupt construction depends on cell deformability.
1 Introduction
The cardiovascular system is a complex network of branching ves-
sels that transport and distribute blood through our body. Blood
is mainly comprised of deformable red blood cells (RBCs) that are
suspended in plasma. During laminar blood flow, RBCs preferen-
tially migrate laterally from the vessel walls to the center and gen-
erate a cell-free layer near the vessel walls.1 This phenomenon,
known as the Fåhraeus effect2, determines the unique flow prop-
erties of blood in microvessels and is crucial for its physiological
functionality.3
The microscopic flow behavior of RBC suspensions is often
studied using straight microfluidic channels or pipes, and various
phenomena of RBCs behavior, such as margination and segrega-
tion,4,5 self-organization in confined flows,6–8 and cell focusing
and separation9–11 have extensively been studied.
However, blood vessels in the circulation have more complex
geometries and cross-sections (e.g. sudden constrictions and ex-
pansions in stenosed arteries) that lead to cell depleted zones,12
changes in cell density distribution,13 and result in clustering of
microparticles in constricted blood flow.14 To mimic pathophys-
iological geometric blockages and obstructed blood vessels that
are associated with blood vessel diseases, constricted microfluidic
channels with abrupt contractions and expansions are often used.
Faivre et al.15 experimentally probed the flow of RBCs through
microfluidic constrictions and showed that rapid variations of the
channel cross-section dramatically change the lateral distribution
of RBCs along the channel width. Additionally, constrictions can
a Dynamics of Fluids, Department of Experimental Physics, Saarland University, Saar-
brücken, Germany; ∗ E-mail: steffen.recktenwald@uni-saarland.de
b Department of Hematopoiesis, Sanquin Research, Amsterdam, Netherlands.
c Theoretical Medicine and Biosciences, Saarland University, Homburg, Germany.
† Electronic Supplementary Information (ESI) available: One PDF containing addi-
tional experimental data. See DOI: 00.0000/00000000.
‡ These authors contributed equally to this work.
also lead to an increase in apparent blood viscosity13 and alter the
thickness of the cell-free layer.16 However, knowledge about the
three-dimensional, spatial distribution of cells in the cross-section
of constricted microfluidic devices remains vague.
In biomedical microfluidic applications, constricted channels
are commonly used for cell and plasma separation.15,17–19 Gen-
erally, migration and focusing of cells or particles in straight
microfluidic channels is induced by inertial lift forces20 or can
be achieved by deformability based cell margination (e.g. of
rigid malaria-infected RBCs).21 In constricted microfluidic chan-
nels, particle focusing can be induced by secondary flows, gen-
erated by the sudden expansion. Park et al.22,23 used this ef-
fect to achieve continuous particle focusing in a multi-orifice
contraction-expansion flow cell. The authors were able to control
size-based particle separation at specific lateral positions across
the channel width. However, they did not resolve the particle
distribution across the channel depth. Further, Sollier et al.17
demonstrated that such constricted microchannels can provide
a fast way for continuous plasma extraction from whole hu-
man blood. They showed that the cell-free layer increases post-
contraction, induced by microvortices downstream of the expan-
sion. Wang24 numerically investigated particle trapping and fo-
cusing in a constricted microfluidic device. For rectangular chan-
nels with high aspect ratios W/H > 3, he predicted strong parti-
cle focusing near the long faces of the top and bottom channel
walls and near the shorter side walls, while the particle concen-
tration strongly decreases towards the channel center. Neverthe-
less, focusing effects of cells in contraction-expansion geometries
are poorly investigated. Particularly, knowledge about the three-
dimensional distribution of RBCs in the channel cross-section, re-
solved along the channel width and depth, in non-confined flows
is still missing. Further, the effect of cell deformability on focus-
ing remains poorly understood, which can help to improve high-
throughput microfluidic cell sorting and plasma extraction.
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In this study, we therefore want to answer the following specific
questions; (a) How is the three-dimensional distribution of RBCs
influenced when passing through a sudden constriction?, (b) Do
deformable and non-deformable (e.g. healthy and non-healthy)
RBCs exhibit different flow behavior in contraction-expansion
channels?, and (c) What is the effect of a non-uniform cell dis-
tribution on density-weighted averaging velocimetry techniques
(e.g. standard particle image velocimetry)?
We investigate living and rigid RBC suspensions in a constricted
microfluidic device with a large cross-section (400×52 µm2). In-
dividual cells are first tracked in multiple layers across the chan-
nel depth. We then resolve the spatial distribution of RBCs in
the channel cross-section and demonstrate that it dramatically
changes when flowing through the abrupt constriction. We dis-
cuss how such a non-uniform distribution of cells results in an ap-
parent double-peaked velocity profile post-contraction when av-
eraging over the channel height. Additionally, we show that rigid
RBCs linger in the microvortices downstream of the constriction,
which can be used for cell classification.4,25
2 Materials and methods
2.1 RBCs solution preparation
Capillary blood is taken with informed consent from healthy vol-
untary donors into EDTA coated tubes and resuspended in phos-
phate buffered saline solution (PBS, Gibco). RBCs are extracted
after centrifugation at 1,500 g for 5 minutes from the sediment
and are washed with PBS. This procedure is repeated three times
and final hematocrit concentrations are adjusted to 1% Ht and
5% Ht. In order to detect individual cells in particle tracking
measurements and resolve the distribution of RBCs in the channel
cross-section, we limit the investigations in this study to concen-
trations below 5% Ht, much lower than physiologically relevant
in the circulation.3 Above 5% Ht, RBCs cannot be discriminated
automatically, due to crowding.7 Hence, the RBC suspensions ex-
amined here, have concentrations commonly studied in microflu-
idic experiments.
Further, we investigate the effect of cell deformability on the
flow behavior of red blood cells in constricted channels. There-
fore, RBCs are rigidified using 0.1% glutaraldehyde (Sigma-
Aldrich).26 Solutions are incubated for one hour and subse-
quently washed three times with PBS to remove remaining glu-
taraldehyde. Stiffened RBCs suspensions are prepared at 1% Ht
and 5% Ht. Blood withdrawal and preparation as well as all ex-
periments are performed according to regulations and protocols
that were approved by the ethic commission of the ‘Aerztekammer
des Saarlandes’ (reference No 24/12). Study participants were
fully informed regarding the purposes of the study and consent
was obtained.
2.2 Microfluidic setup
A microfluidic device is fabricated using polydimethylsiloxan
(PDMS) (Momentive Performance Materials) through standard
soft lithography.27 Inlet and outlet channels are punched in the
PDMS chip, which is then bonded to a glass slide using a plasma
cleaner (Harrick Plasma).
The microfluidic channel has a total length of L= 30 mm, with
a rectangular cross-section of width W = 400 µm and height H ≈
52 µm, similar to previous studies on particle focusing.22,23 The
middle of the channel contains a sudden contraction-expansion
with a width Wc ≈ 45 µm and a length Lc ≈ 65 µm. Figure 1(a)
shows a microscopic snapshot of a RBC suspension (5% Ht) flow-
ing through the channel center part. We define the origin of the
coordinate system at the contraction exit in the channel middle in
y-direction (cyan arrows in Fig. 1) and at the middle of the chan-
nel height H/2 in z-direction. The suspension enters the chan-
nel through the inlet, located at x = −15 mm upstream, passes
through the contraction-expansion in positive x-direction, as in-
dicated by the white arrow in Fig. 1(a), and exits the channel at
x= 15 mm downstream of the contraction.
Fig. 1 (a) Microscopic snapshot of a living RBC suspension (5% Ht)
flowing through the microfluidic contraction-expansion channel at ∆p =
140 mbar. The flow direction is from left to right, as indicated by the white
arrow. (b) Schematic representation of the regions of interest (ROI) in
which RBCs are tracked in the channel middle and close to the side walls
in y-direction, using a 60× lens with NA = 1.25. Blue boxes correspond
to ROIs close to the top and bottom and red boxes indicate ROIs in the
middle of the channel in z-direction. The origin of the coordinate system
is in the center of the channel width at the contraction exit and in the
middle of the channel height, see cyan arrows.
The inlet and outlet are connected with micro medical grade
polyethylene tubing (0.86 mm inner diameter (ID) and 1.32 mm
outer diameter (OD), Scientific Commodities Inc.). In order to
prevent cells from adhering to the inner surfaces, channel and
tubing are coated with BSA (1 mg/mL bovine albumin, Sigma-
Aldrich) prior to the experiments. RBC suspensions are driven
through the channel using a high-precision pressure device (Elve-
flow OB 1 MK 3) by applying a broad range of pressure drops
20≤ ∆p≤ 160 mbar between the inlet and outlet.
The microfluidic device is mounted on an inverted microscope
(Eclipse TE2000-S, Nikon) equipped with a high-speed camera
(MEMRECAM GX1, NAC, up to 2559 frames per second at full
resolution of 1280×1024 pixels) and LED illumination (ZLED CLS
9000 MV-R, Zett Optics). The frame rate of the high-speed cam-
era is chosen such that cell displacement between two images is
around 4 pixels. A 60× oil-immersion objective (CFI Plan Fluor,
Nikon) with high numerical aperture NA= 1.25, as well as a 10×
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air objective (Plan Fluor Nikon) with NA= 0.3 are used to capture
images of the RBCs flowing through the channel. The measure-
ment depth δ zm over which cells are detected and contribute to
the determination of the velocity field is δ zm ≈ 15 µm for the
60× lens and δ zm ≈ 70 µm for the 10× lens.28 We use the 60×
objective (δ zm/H ≈ 0.3) to resolve the position of RBCs in three
layers across the channel height H: close to the bottom and top
(z ≈ ±15 µm) and in the middle (z = 0) of the channel, corre-
sponding to the blue and red boxes in Fig. 1(b), respectively.
Here, we focus on the border regions (±200≤ y≤±80 µm) or on
the center part (−60 ≤ y ≤ 60 µm) of the channel width with re-
spect to the lateral y-direction and with regions of interest (ROI)
of roughly 120× 120 µm2, which accounts for 0.3 W . Further-
more, using the 10× objective allows us to cover the complete
channel width (−200 ≤ y ≤ 200 µm) and to average the velocity
of RBCs across the whole channel height (δ zm/H ≈ 1.4). All ex-
periments are performed at room temperature. The tracking of
RBCs as well as particle image velocimetry of the RBC suspension
are performed at multiple x positions upstream (pre-contraction)
and downstream (post-contraction) of the contraction-expansion
in the channel.
2.3 Particle tracking velocimetry
At RBC concentrations below 5% Ht we perform particle tracking
velocimetry (PTV) by detecting the position of individual cells.
Due to adjusting the exposure time to be much shorter than the
frame rate, cells within the focus are imaged sharp and no mo-
tion blur occurs, while cells outside the focal plane are blurred.
A self-written MATLAB program is used to subtract the common
background of all images and detect the positions of individual
cells in each image. The spatial gradient of the images is calcu-
lated to distinguish between sharp and blurred cells. The result-
ing images in gradient magnitudes are binarized by a threshold
value. Therefore, only objects in focus with sharp edges are de-
tected. The positions of detected cells over the image sequence
are linked and result in individual trajectories. From those tra-
jectories, individual velocities as function of space and time are
determined, taken the time derivative. The combination of all cell
velocities results in the time-averaged velocity field. Further, the
RBC distribution as number density is calculated by counting all
sharp cells in the binned y-direction, dividing by the number of
frames in the image sequence and the corresponding bin volume.
2.4 Particle image velocimetry
We use two-dimensional particle image velocimetry (PIV) as an
additional method to analyze the flow in the microfluidic device.
PIV is commonly used to determine the density-weighted average
velocity of an particle ensemble in interrogation areas, in contrast
to the determination of the velocities of individual particles using
the PTV technique. In PIV measurements, images are captured in
pairs, using a 10× objective with NA = 0.3. Here, RBCs are used
as flow tracers, without the addition of further particles.29,30 We
use an open source PIV software31 for quantitative analysis of
the flow field and velocity vectors are obtained in interrogation
areas of 32× 32 pixels in x- and y-direction. With the volume
illumination setup used here, the flow of RBCs over the entire
channel height H is recorded. Hence, data is substantially aver-
aged over the velocity gradient in z-direction. The effect of this
density-weighted averaging in PIV analysis, in combination with
an non-uniform cell distribution in the channel cross-section, is
discussed and compared with PTV measurements in section 3.3
and 3.4.
3 Results and discussion
Representative images of RBC suspensions passing the constric-
tion at different pressure drops are provided in Fig. S1 (ESI†),
similar to Fig. 1(a). In the corner regions downstream of the
contraction, we observe cell-free zones with recirculating flows.
The size of these vortices increases with increasing pressure drop.
The formation of such microvortices in sudden expansions leads
to secondary flows that have been studied before and that are
commonly used for separation and fractionation.17,22,23,32
Here, we discuss the influence of this effect on the flow and
spatial distribution of RBCs in the channel cross-section. Repre-
sentative results of living or rigid RBCs are shown in this section,
while complementary data is provided in the ESI†. Using PTV, we
first resolve the velocities and distribution of RBCs in different
layers across the channel depth in section 3.1. Second, the spa-
tial cell distribution derived from PTV across the whole channel
width is discussed in section 3.2. In section 3.3 and section 3.4,
we use PIV to study the apparent mean velocity profile as a func-
tion of pressure drop and along the channel length, respectively.
Finally, the trapping of RBCs in the vortex regions downstream of
the constriction is discussed in section 3.5.
3.1 RBC velocities and distribution in different z-layers
Figure 2 shows the velocities of individual rigid RBCs (1% Ht)
at a representative (a) low and (b) high pressure drop. Data
is acquired close to the channel border in y-direction (−200 ≤
y ≤ −80 µm) in the bottom and middle layers of the channel,
x = 10 mm post-contraction. Note that the channel border corre-
sponds to the side walls of the channel at y=−200 µm.
At both pressure drops, RBCs flow in a plug-like velocity pro-
file along the y-direction, due to the high aspect ratio of the
channel W/H ≈ 8. The average velocity in the bottom or mid-
dle plane is constant throughout most of the channel width
(−160 ≤ y ≤ 160 µm). The corresponding velocities in the cen-
ter part of the channel (−60 ≤ y ≤ 60 µm) are shown in Fig. S2,
ESI†. The scattering of the velocity data results from data acquisi-
tion over δ zm ≈ 15 µm, hence over the parabolic velocity gradient
in z-direction.
Besides the increase of velocity magnitude with increasing
pressure, the main difference between ∆p = 40 mbar and ∆p =
140 mbar is the depletion of RBCs close to the channel wall
(y=−200 µm). While cells flow in close proximity of the channel
wall in the middle of the channel at ∆p = 40 mbar (red symbols
in Fig. 2), a pronounced cell-free layer forms at ∆p = 140 mbar
adjacent to the channel wall (−200≤ y≤−190 µm). The magni-
tude of this cell-depleted zone increases with increasing pressure
drop, as seen in Fig. S3 (ESI†). Here, the cell-free layer is larger
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Fig. 2 Velocities of rigid RBCs (1% Ht) x = 10 mm post-contraction at
a pressure drop of (a) ∆p = 40 mbar and (b) ∆p = 140 mbar. Cell posi-
tions are detected in two layers, close to the bottom (z ≈ −15 µm) and
in the channel middle (z = 0), represented as blue and red symbols, re-
spectively. Dashed lines represent the mean velocities at each plane,
calculated using the SLM (Shape Language Modeling) tool implemented
in MATLAB with the boundary condition that the velocity is zero at the
channel wall y=−200 µm.
for living RBCs than for rigid RBCs.16 Note that the cell-depleted
layer upstream of the contraction seems to be independent of the
applied pressure drop and is less pronounced in y-direction than
downstream (see Fig. 1(a) and Fig. S1 in ESI†), in agreement with
previous investigations.15–17,33 In the bottom plane (blue sym-
bols in Fig. 2), the strong interactions with the channel side and
bottom wall in the corner regions force the cells to migrate away
even further than in the channel middle, resulting in an increase
of the cell-free zone in the bottom layer (−200≤ y≤−170 µm in
Fig. 2(b)).
The formation of the cell-depleted layer near the walls is the
main reason for the distinctive flow properties of blood in mi-
crovessels.3 While this phenomenon has extensively been studied
by averaging over the total channel height,1,15–17,33 we resolve
the spatial distribution and velocities of RBCs across the chan-
nel depth in this study. The strong hydrodynamic interactions
between cells and the walls result in a more pronounced cell-
depleted zone in the vicinity of the channel corners.4,20,34
In an effort to emphasize the distribution of RBCs in y-direction
downstream of the contraction, we plot the accumulated num-
ber of cells as a function of the channel width in Fig. 3 for
∆p = 140 mbar. Here, the top row corresponds to the channel
middle, while the lower row corresponds to the channel bottom.
Further, the panels (a) and (c) show the distribution close to the
channel border (−200≤ y≤−80 µm) near the channel side wall
at y = −200 µm, while (b) and (d) correspond to the channel
center (−60 ≤ y ≤ 60 µm). The right y-axis of Fig. 3 shows the
number density of RBCs (1/µm3), passing the ROI at a certain
position along the channel width over data acquisition.
Fig. 3 Distribution of rigid RBCs (1% Ht) x = 10 mm post-contraction
along the channel width in the channel middle (upper row), and close to
the bottom (lower row) in z-direction. (a) and (c) represent the channel
border, i.e. close to the channel side wall at y = −200 µm, and (b) and
(d) show the channel center in y-direction. The pressure drop is ∆p =
140 mbar. Data is accumulated over 4,000 frames.
In Fig. 3(c) the depletion of RBCs in the channel bottom at
the corner region −200 ≤ y ≤ −160 µm is clearly visible, simi-
lar to Fig. 2(b). In the rest of the channel (−120 ≤ y ≤ 60 µm),
the distribution of cells is uniform across the width in y-direction.
On the other hand, a dramatic difference arises in the channel
middle. Here, a strong accumulation of RBCs is observed close
to the border (−190 ≤ y ≤ −150 µm) at the short channel side
face, as seen in Fig. 3(a). In contrast to this strong focusing, the
number of RBCs drastically decreases towards the channel center
(−60≤ y≤ 60 µm), where considerably fewer cells pass the mid-
dle plane, as seen in Fig. 3(b). Further, the amount of RBCs in the
channel middle (Fig. 3(b)) is significantly reduced compared to
the bottom layer (Fig. 3(d)) at the same lateral y-position. Note
that the top layer exhibits a similar cell distribution as the bot-
tom layer, as shown in Fig. S4, ESI†. At low pressure drops,
this focusing phenomenon of RBCs post-contraction is hardly de-
tectable close to the experimental resolution limit, as exemplified
for ∆p= 40 mbar in Fig. S5, ESI†. Furthermore, we observe a uni-
form distribution of RBCs across the channel width upstream of
the constriction, as shown in Fig. S6 (ESI†), where the RBC dis-
tribution is plotted at x= 10 mm pre-contraction, complementary
to the data at x=−10 mm post-contraction in Fig. 3.
Figure 3 demonstrates that RBCs preferentially flow near the
four faces of the channel walls post-contraction, i.e. the wider
faces at the bottom and top and the short faces at the side walls.
In the constricted microfluidic channel used here, RBC focusing
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is induced by secondary flows downstream of the abrupt expan-
sion.22,23 However, migration and focusing of cells or particles
can also be achieved in straight microfluidic channels, induced by
inertial lift forces.20 At a finite Reynolds number Re, which re-
lates the inertial to viscous forces, two lift forces act on a particle
in a Poiseuille flow: the wall induced lift force, due to particle-
wall interactions that pushes the particle away from the wall,
and the shear-gradient induced force, due to the curved velocity
profile that leads to a movement away from the channel center.
Based on the balance between these two opposing forces, differ-
ent equilibrium particle positions in the channel cross-section can
be achieved.34
Lateral migration and a focusing of particles, induced by iner-
tial lift forces35 occurs in straight rectangular channels for parti-
cle Reynolds numbers Rep than unity.20,34 The particle Reynolds
number is defined as
Rep = Rec
a2
D2h
=
ρvma2
ηDh
(1)
where Rec is the channel Reynolds number, ρ, vm, a, η , and Dh
are the fluid density, the maximum flow velocity, the particle or
cell diameter, the fluid viscosity and the hydraulic diameter of the
microfluidic channel, respectively. The hydraulic diameter for a
rectangular channel is defined as Dh = 2WH/(W +H), where we
use the width W = 400 µm to calculate Rep. However, note that
significantly higher Rec and Rep can be achieved in the constricted
part, where the small width of Wc ≈ 45 µm results in much higher
velocities.
Generally, two stable equilibrium positions near the wider
channel faces exist in rectangular channels, without the four-
fold symmetry of a square, due to the stronger shear-gradient
lift forces in z-direction. Thus, particles or cells are pushed away
from the channel centerline toward the wider sides. Here, the bal-
ance between shear-gradient and wall lift forces results in stable
equilibrium positions along the wider faces. This effect is much
less pronounced towards the shorter faces, since the plug-like ve-
locity profile leads to much weaker shear gradient lift forces in y-
direction.20 However, increasing Rep results in a total number of
four focusing positions along both the wide and short faces.36,37
Hur et al.36 investigated the ordering of beads and blood cells in
rectangular channel (W = 16 µm and H = 37 µm) and observed
that particles accumulate close to all four faces at Rep≈ 4.5. Much
higher values of Rep ≈ 150 were reported by Ciftlik et al.37 for
particle focusing of 10 µm beads at all four channel faces in a
rectangular channel with W = 50 µm and H = 80 µm. For the
data shown in Fig. 3, the Reynolds numbers are Rep ≈ 0.1 and
Rec ≈ 12, with ρ = 1 g/cm3, a = 8 µm, and η = 1 mPa s. This
Rep value is much smaller than those reported by Hur et al.36
and Ciftlik et al.37, and also smaller than unity, which indicates
that cell focusing solely due to inertial lift forces would not occur
in the straight channel pre-contraction. Further, a certain length
Lf = piηD2h/(ρUma
2 fL), with the non-dimensional lift coefficient
fL = 0.05, along the flow direction is required for particles to
reach stable equilibrium positions inside rectangular channels.20
In order to reach equilibrium positions in the experiments shown
here, a length of Lf ≈ 60 mm would be required, hence much
longer than the entry length (15 mm) upstream of the contrac-
tion. Thus, we do not expect any inertial focusing to arise pre-
contraction, in agreement with our experimental results, shown
in Fig. S6. The observed focusing phenomenon shown in Fig. 3
emerges as a consequence of the constricted flow geometry, which
is discussed below.
3.2 Change of RBC distribution along the flow direction
In the previous section, we revealed the distinctive spatial dis-
tribution of RBCs in different layers across the channel depth,
focusing on small ROIs in the lateral y-direction. Here, we dis-
cuss the change of cell distribution induced by the constriction.
Using a lower magnification 10× lens with NA = 0.3 allows us to
track RBCs across the whole channel width W , as well as to de-
tect all cells throughout the channel height H. Figure 4 shows
the velocities of individual living RBCs that pass the microfluidic
channel (a) x=−10 mm pre-contraction and (b) x= 10 mm post-
contraction. Additionally, we plot the maximum and mean ve-
locities at a certain lateral y-position across the channel width as
red dashed and solid lines, respectively. The mean velocity at a
specific y-position is calculated by density-weighted averaging the
velocities of RBCs, flowing at different layers across the channel
height H, at this y-position. The dotted black line indicates the
velocity profile across the channel middle z = 0 for a Newtonian
fluid, with the same viscosity and flowing through a rectangular
channel under the same experimental conditions.38 The corre-
sponding data for rigid cells is provided in Fig. S7 (ESI†).
Upstream of the contraction, RBCs flow in a plug-like velocity
profile across the channel width, as shown in Fig. 4(a). Detecting
cells across the velocity gradient in z-direction yields a broad ve-
locity distribution at a fixed lateral y-position. Here, slower cells
correspond to planes closer to the top and bottom of the channel,
while the fastest cells flow in the channel middle, as shown in
Fig. 2. The enveloping line of the fastest particles corresponds to
the maximum velocity (dashed red line) at z = 0 and is in good
agreement with the analytic solution for the velocity profile in the
channel middle of a Newtonian fluid (dotted black line). Further,
the plug-like shape of the mean velocity (solid red line) indicates
that the distribution of RBCs is uniform along the channel depth
H. This homogeneous RBC distribution pre-constriction is also
found in particle tracking experiments, resolved along the chan-
nel height, as previously discussed (see Fig. S6 (ESI†)).
However, passing through the sudden constriction, a significant
change of the cell distribution is observed, as shown in Fig. 4(b).
Fewer cells pass the center part −100 ≤ y ≤ 100 µm in the chan-
nel middle, where the velocity is largest. In contrast, we detect
an accumulation of RBCs close to the side walls at y≈±160 µm.
In these regions, the majority of cells are located near the chan-
nel middle plane z = 0. This effect is also observed in Fig. 2(b)
and leads to a double-peaked mean velocity profile, when aver-
aging over the channel depth (solid red line in Fig. 4(b)). It is
important to note that this apparent double-peaked profile arises
as a consequence of density-weighted averaging in combination
with a non-uniform distribution of flow tracer, i.e. RBCs. The
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Fig. 4 PTV: Velocities of individual living RBCs (1% Ht), plotted as blue
dots, at ∆p= 140 mbar (a) x=−10 mm pre-contraction and (b) x= 10 mm
post-contraction. Data is acquired across the whole channel height, us-
ing a 10× lens with NA = 0.3. The dashed and solid red lines represent
the maximum and mean velocities of all cells along the channel width,
respectively. The dotted black line indicates the velocity profile for a New-
tonian fluid across the channel middle z= 0.
maximum velocity across the channel width still matches the an-
alytic solution for a Newtonian fluid. However, since considerably
fewer RBCs flow in the channel middle at z= 0, compared to the
channel bottom and top at z=±15 µm (see Fig. 2(b)), averaging
over the channel depth results in a lower mean velocity in the
channel center −100 ≤ y ≤ 100 µm. For rigid RBCs, we observe
the same flow behavior and also find an apparent double-peaked
mean velocity profile, as shown in Fig. S7 (ESI†).
Recently, Iss et al.7 investigated the self-organization of RBCs
under confined flows and reported a non-uniform cross-flow dis-
tribution of cells. The authors also observed the formation of
bands with high local RBC concentration at specific lateral y-
position, depending on ∆p. However, in this case, the non-
homogeneous RBC distribution emerged as a consequence of con-
finement in the flat channel (H ≈ 9 µm), in contrast to the con-
stricted deeper channel (H ≈ 52 µm) used in this study.
Another phenomenon that can be seen in Fig. 4 is the increase
of the cell-depleted layer, induced by the constriction. While cells
pass in close proximity of the channel side walls (y = ±200 µm)
pre-contraction, the cell-free layer increases downstream of the
contraction, as reported before.15–17,33 Here, we find that the
cell-depleted layer spans laterally up to 20 µm at each side of the
channel in y-direction.
The most commonly used technique to visualize flow in mi-
crofluidic devices is PIV. This method allows us to obtain quanti-
tative velocity data, based on the displacement of an ensemble of
flow tracers within interrogation areas.39 Using volume illumina-
tion in combination with a low NA lens, the depth of field can be-
come larger than the channel depth and thus results in a potential
averaging of velocities along the gradient in z-direction,28 similar
to the mean velocity values (solid red lines in Fig. 4) obtained
from PTV. In the next section, we employ PIV analysis on the
flow of RBCs and demonstrate how the non-uniform distribution
of cells in the channel cross-section also yields a double-peaked
velocity profile, similar to the particle tracking results shown in
Fig. 4(b).
3.3 RBC focusing with increasing pressure drop
Figure 5(a) shows the average velocity profiles x= 10 mm down-
stream of the contraction for rigid (closed symbols) and living
(open symbols) RBCs (5% Ht), determined through PIV analy-
sis. The dashed lines correspond to theoretical predictions of the
mean velocity profiles, which are derived from an analytical so-
lution of the flow profile for a Newtonian fluid, averaged across
the channel depth.38 Figure 5(b) shows the velocity peak height,
i.e. the velocity from the PIV measurements vPIV at y=−160 µm
minus the analytical mean velocity vana at the same y-position, as
indicated by the vertical black line in Fig. 5(a).
Both, living and rigid RBC suspensions follow a plug-like veloc-
ity profile at small pressure drop, e.g. ∆p = 40 mbar in Fig. 5(a).
Here, we do not observe any quantitative difference in the veloc-
ity profiles of living and rigid cells, hence both profiles overlap at
small pressure drops. Further, at low pressure drops, the velocity
profiles obtained through PIV analysis are in good agreement with
the analytical predictions, as indicated by the dashed lines. How-
ever, we observe strong deviations from the theoretical mean ve-
locity profiles with increasing pressure drop, resulting in a transi-
tion from a plug-like towards a double-peaked velocity profile. At
∆p= 80 mbar, two velocity peaks become visible at y≈±160 µm,
while the velocity in the channel center −100≤ y≤ 100 µm is still
constant. The magnitude of the peaks increases with further in-
crease of pressure drop and the average velocity profile obtained
from PIV analysis of the RBC ensemble approximates the mean
velocity profile derived from tracking of single RBCs, shown in
Fig. 4(b). Figure 5(b) shows the difference of the velocity at the
peak position and the value from the analytical solution for the
velocity profile of a Newtonian fluid. While there is a good agree-
ment at lower pressure drops, the difference increases linearly
with the pressure drop due to the emergence of the apparent ve-
locity peak that is a consequence of the increase of cell density at
this position. The graph indicates that flow focusing starts at a
critical channel Reynolds number Rec ≈ 1.3. However, this value
must be taken with care because this method does not measure
the density difference directly. Nevertheless, our data strongly in-
dicates that cell separation in the geometry is not only driven by
inertia but that there is also a critical transition threshold.
It is important to emphasize that the double-peak velocity pro-
file emerges as a consequence of density-weighted averaging over
the channel depth by employing PIV analysis, where different lay-
ers contain varying numbers of cells, as exemplified in Fig. 2(b).
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Fig. 5 PIV: (a) Mean velocity profiles across the channel width x= 10 mm
post-contraction of rigid (solid symbols) and living (open symbols) RBCs
(5% Ht) at different pressure drops, using a 10× lens with NA = 0.3.
Dashed lines correspond to the analytical solution of the mean velocity
profiles of a Newtonian fluid. With increasing pressure, the particle and
channel Reynolds numbers are Rep = 0.029, Rep = 0.058, Rep = 0.087,
and Rep = 0.12, and Rec = 3.6, Rec = 7.1, Rec = 11, and Rec = 14, re-
spectively. Error bars correspond to standard deviations of different mea-
surements. (b) The difference between the velocity peak at y=−160 µm
and the analytical solution of the velocity profile of a Newtonian fluid as a
function of pressure drop and channel Reynolds number. Colored sym-
bols correspond to data from (a). The solid and dashed gray lines corre-
spond to linear fits of the rigid and living RBC data, respectively.
Thus, the depletion of cells in the channel center (z = 0 and
−100≤ y≤ 100 µm) in combination with a higher amount of cells
close to the top and bottom (z≈±15 µm and−100≤ y≤ 100 µm),
yields a lower apparent velocity in the channel center. On the
other hand, the strong focusing of RBCs in the middle plane, close
to the side walls (z= 0 and y≈±160 µm) in combination with the
cell-depleted layer in the top and bottom plane (z≈±15 µm and
±200≤ y≤±160 µm), as shown in Fig. 2, leads to overestimating
of the density-weighted average velocity. We use these distinctive
profiles of apparent velocity as an qualitative measure for RBC
focusing in the microfluidic channel.
Particle focusing in microfluidic contraction-expansion devices
was reported before. Park et al.22,23 examined the distribution
of microspheres with different sizes (2 ≤ a ≤ 15 µm) flowing
through a multi-orifice channel. They observed a focusing of
beads at specific lateral positions starting at 0.01 ≤ Rep ≤ 0.63,
depending on particle size. The corresponding channel Reynolds
number Rec ≈ 7 for the onset of focusing is in good agreement
with the results shown in Fig. 5. The authors attributed the non-
homogeneous particle distribution post-contraction to a combina-
tion of inertial lift forces and secondary flows, induced by vortex
flows in the suddenly expanding channel. However, they did not
resolve the focusing effect across the channel height.
Similarly, Wang24 numerically studied particle sorting in con-
stricted microfluidic channels, covering a broad range of 0.02 ≤
Rep ≤ 20, depending on particle size, and 8 ≤ Rec ≤ 160. He re-
ported a strong focusing at two narrow lines in the channels cen-
ter plane (z = 0). Additionally, particles concentrated near the
wider faces at the bottom and top for aspect ratios W/H > 3, de-
pending on the axial position in the microfluidic device. Here,
our experiments confirm the spatial distribution in the channel
cross-section, as predicted numerically by Wang.24
Furthermore, we do not observe a significant difference in the
velocity data and focusing of rigid and living RBCs in Fig. 5.
Chen et al.4 recently reported that migration of RBCs depends
on cell deformability. They used a mixture of living and stiffed
RBCs and found that the impaired deformability of RBCs de-
creases the wall lift force and the velocity force, thus resulting in
a different equilibrium positions between living and rigid RBCs.
In contrast to the experiments shown in this study, they used a
longer (L = 30 mm) straight microfluidic channel with a smaller
rectangular cross-section (100× 10 µm2). The authors only ob-
served a focusing of rigid RBCs when they were suspended in a
living RBC suspension, but not when suspended solely in PBS.
Hence, margination leads to different equilibrium positions in the
study by Chen et al.4 Although, we do not observe significant
differences in the velocity data of rigid and living RBCs post-
contraction, dramatic differences between both cells arise in the
vortex regions, as discussed in section 3.5.
In this study, the non-uniform cell distribution and depletion
of cells in the channel center post-contraction, and hence the
double-peaked velocity profiles derived from PTV (Fig. 4(b)) and
from PIV (Fig. 5(a)), arise as a consequence of geometry-induced
focusing and not as a result of RBCs sedimentation. Significant
sinking of cells across the channel height, while traveling through
the channel in x-direction, is clearly ruled out showing that the
cell distribution in the top layer is similar to the bottom layer
(Fig. S4). This holds even for lower pressure drops (Fig. S5),
where sedimentation is more likely due to the lower flow rate.
Furthermore, we perform RBC tracking and PIV experiments in
a density matched solution, using OptiPrepTM (iodixanol aque-
ous solution, Sigma-Aldrich), to avoid potential sedimentation
and RBC sinking. Therefore, RBC suspensions are prepared us-
ing 35% OptiPrepTM and 65% PBS to adjust the density of the
solution to ρ ≈ 1.11 g/ml, matching RBC density.40 Using density
matched suspensions does not influence the cross-sectional focus-
ing phenomenon and we also observe the emergence of apparent
double-peaked velocity profiles in these suspensions in PIV anal-
ysis, as exemplified in Fig. S8 (ESI†). Hence, we do not observe
sinking and sedimentation of RBCs in the flow channel during the
experiments.
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3.4 Evolution of the velocity profile
Thus far, we examined the flow of RBC suspensions, mainly focus-
ing on positions x = ±10 mm of the constriction, where the flow
is quasi-stationary. Further, we perform PIV measurements at dif-
ferent x-positions along the channel flow direction, in an effort to
probe the evolution of the mean velocity profile post-contraction.
Fig. 6 PIV: Mean velocity profiles across the channel width of a living
RBC suspension (5% Ht) at different x positions along the channel and
at ∆p= 120 mbar.
Figure 6 shows the mean velocity profiles of a 5%Ht suspension
of living RBCs at different x-positions pre- and post-contraction.
Here, the pressure drop ∆p = 120 mbar is chosen such that the
non-uniform cell distribution, induced by the constriction, yields
an apparent double-peaked mean velocity profile in PIV analy-
sis. Upstream of the constriction, e.g. x = −10 mm in Fig. 6,
the suspensions exhibits a plug-like velocity profile, similar to the
results shown in Fig. 4(a), obtained through particle tracking.
Passing through the narrow constriction, RBCs are accelerated
rapidly and a jet flow is observed downstream of the contraction,
e.g. x = 0.25 mm, which corresponds to roughly 0.625 W , also
clearly visible in Fig. S1, ESI†. This jet flow transitions further
downstream, e.g. x= 0.5 mm (1.25W), into the apparent double-
peaked mean velocity profile. With increasing distance from the
constriction, we observe a minor decrease of magnitude of the
peak velocity at y ≈ ±150 µm, while the velocity in the chan-
nel center part −100 ≤ y ≤ 100 µm increases slightly. The non-
monotonic profile persists even after x= 10 mm post-contraction,
close to the channel outlet.
Recently, Zhou et al.41 investigated the spatio-temporal dynam-
ics of dilute RBC suspensions in a straight microfluidic channel at
different x-positions. Tracking cells along the channel width, the
authors reported off-center two-peak (OCTP) velocity profiles at
low Rep  1 that persisted even after 20×Dh and attributed the
occurrence of such a heterogeneity to non-inertial hydrodynamic
lift forces. Although they did not resolve the spatial distribution
of cells across the channel height experimentally, complementary
numerical simulations showed that RBCs concentrate at four po-
sitions close to the channel walls, similar to the results shown
here.
In this study, we first proved the existence of a non-uniform spa-
tial distribution of RBCs by tracking individual cells in different
layers in the channel cross-section. This allowed us to identify the
double-peaked profile of the mean velocity both in PTV as well as
in PIV experiments as direct consequence of RBC focusing post-
contraction. However, the occurrence of such inhomogeneities of
the cross-sectional cell or tracer particle distribution, particularly
in deep channels, might not always be straightforward a priori.
In that case, density-weighted averaging, i.e. performing stan-
dard PIV analysis, over a large part of the channel cross-section
can lead to misinterpretation of velocity data. Therefore, we hope
that besides the detailed investigation of RBC flow properties, this
study will also help to provide a better understanding about the
influence of geometry-induced focusing effects on commonly em-
ployed velocimetry techniques.
3.5 Trapping of rigid RBCs in downstream vortices
For both living and rigid RBCs, we observe similar spatial distri-
butions and velocity profiles post-contraction, as discussed above.
However, a dramatic difference arises in the vortex regions down-
stream of the sudden expansion, as exemplified in Fig. 7 for (a)
living and (b) rigid RBCs. While for living cells, the recirculation
zones downstream of the constriction are completely cell-free up
to the highest pressure drop (∆p = 240 mbar) investigated here,
rigid RBCs accumulate in the microvortices post-contraction. The
size of these vortex regions, where stiffened RBCs are trapped, in-
creases with increasing pressure drop, as shown in Fig. S8 (ESI†).
Furthermore, the cell-free layer close to the channels wall is larger
for living RBCs than for rigid cells, in accordance with our previ-
ous observations (Fig. S3, ESI†).
Fig. 7 Time stacks of 1,050 microscopic images of (a) a 5% Ht living
RBC suspension and (b) a 5% Ht rigid RBC suspension flowing through
the microfluidic contraction-expansion channel at ∆p = 240 mbar. The
direction of flow is from left to right, as indicated by the white arrow. The
white scale bars represent a length of 100 µm.
This phenomenon emerges as a consequence of cell deformabil-
ity, which can be used for deformability-selective cell separation,
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e.g. of malaria-infected RBCs.21 The effect of deformability on
the microscale flow behavior of RBC suspensions has been stud-
ied previously.25,30,42 Hur et al.21 used an gradually expanding
microfluidic chip for classification of different types of cells based
on their size and deformability. They showed that flexible cells
occupy equilibrium positions much closer to the channel center
compared to rigid cells and used this effect to conduct label-free
cancer cell enrichment. Furthermore, Yang et al.43 used a sim-
ilar device and demonstrated that rigid RBCs flow closer to the
channel border, when passing the expanding part of flow chan-
nel, while living RBCs preferentially flow in the channel center.
In the study presented here, we use a more abrupt expansion.
We hypothesize that while living cells are deformed in the con-
striction and follow streamlines post-contraction, the impaired
deformability of rigid cells results in an enhanced collision in-
duced drift. This allows some of the rigid RBCs to cross stream-
lines sufficiently in the expanding region of the channel and to be
trapped in the vortex regions post-contraction.44 However, most
of the cells pass the center of the constriction and do not linger
in the recirculation zones but are focused towards the four chan-
nel face as discussed above. A detailed investigation of this ef-
fect is beyond the scope of this study but future work will include
more detailed investigations of the vortex trapping of non-flexible
cells. Therefore, mixtures of living and rigid cells and a more so-
phisticated flow channel will be used and the effect of applied
pressure drop or flow rate on cell trapping will be examined for
deformability-selective cell separation in the vortex regions.
4 Conclusions
In this study, we examine the effect of an abrupt constriction on
the three-dimensional distribution of RBCs in the cross-section
of a rectangular microfluidic channel. While previous investiga-
tions mostly probed particle focusing in constricted flows in a two-
dimensional fashion, we here reveal the cross-sectional nature of
geometry-induced focusing by tracking individual cells in multi-
ple layers across the channel depth at various x-positions along
the flow direction of the channels.
This technique allows us to answer the specific questions stated
in the introduction; (a) While the distribution of cells upstream
of the constriction is uniform in the channel cross-section, with-
out any focusing due to inertial lift forces, the sudden constriction
induces a strong focusing downstream of the contraction. Here,
RBCs accumulate at the top and bottom in the channel center
(z/H ≈±0.3 and−0.4≤ y/W ≤ 0.4), as well as close to the borders
of the middle plane (z= 0 and y/W ≈±0.4), schematically shown
in Fig. 8 and in accordance with numerical predictions24 on sim-
ilar microfluidic constricted flows. (b) We find this non-uniform
cross-sectional distribution post-contraction for both rigid and liv-
ing RBCs. Covering a broad range of pressure drops ∆p, we show
that the magnitude of this phenomenon increases with increas-
ing pressure drop and channel Reynolds number independent of
cell deformability. However, while flexible living RBCs follow the
streamlines post-contraction, some rigid RBCs are trapped in the
vortex regions. (c) The observed non-uniform cell distribution
leads to an apparent double-peaked profile of the mean velocity
using density-weighted averaging, both in PTV as well as in PIV
Fig. 8 Schematic representation of RBCs (red) flowing through the
contraction-expansion microfluidic device. Upstream of the contraction,
cells are distributed homogeneously. Passing the contraction, RBCs are
mainly focused in two lines near the shorter faces in the channel center
plane (z = 0 and y/W ≈ ±0.4) and at the top and bottom of the channel
near the walls (z/H ≈±0.3 and −0.4≤ y/W ≤ 0.4). In this schematic, the
top channel wall is hidden and a small Ht is chosen for better cell visibility.
The inset represents the top view of the constriction.
measurements. This non-monotonic velocity profile persists over
more than 25× the channel width W downstream of the contrac-
tion. However, this effect arises solely as a consequence of particle
focusing in combination with averaging across the whole channel
depth. Therefore, this study also aims to provide a better under-
standing about geometry-induced focusing effects on velocimetry
techniques, relevant for many different topical areas of physics,
chemistry, and biology.
Conflicts of interest
There are no conflicts to declare.
Acknowledgements
The research leading to these results has received funding
from the Deutsche Forschungsgemeinschaft DFG FOR 2688 WA
1336/13-1, from the European Framework ‘Horizon 2020’ un-
der grant agreement number 675115 (RELEVANCE) and from the
Volkswagen Foundation (Az: 93839).
Notes and references
1 S. Kim, P. K. Ong, O. Yalcin, M. Intaglietta and P. C. Johnson,
Biorheology, 2009, 46, 181–189.
2 R. Fåhraeus, Physiol. Rev., 1929, 9, 241–274.
3 T. W. Secomb, Annu. Rev. Fluid Mech., 2017, 49, 443—-461.
4 Y. Chen, Y. Li, D. Li, J. Li and H. Chen, Microfluid. Nanofluidics,
2019, 23, 1–10.
5 A. Kumar and M. D. Graham, Soft Matter, 2012, 8, 10536.
6 O. Aouane, A. Farutin, M. Thiébaud, A. Benyoussef, C. Wagner
and C. Misbah, Phys. Rev. Fluids, 2017, 2, 063102.
7 C. Iss, D. Midou, A. Moreau, D. Held, A. Charrier, S. Mendez,
A. Viallat and E. Helfer, Soft Matter, 2019, 15, 2971–2980.
8 G. R. Lázaro, A. Hernández-Machado and I. Pagonabarraga,
Eur. Phys. J. E, 2019, 42, 46.
9 H. A. Nieuwstadt, R. Seda, D. S. Li, J. B. Fowlkes and J. L.
Bull, Biomed. Microdevices, 2011, 13, 97–105.
1–10 | 9
10 A. J. Mach and D. Di Carlo, Biotechnol. Bioeng., 2010, 107,
302–311.
11 S. Tripathi, Y. V. B. Varun Kumar, A. Prabhakar, S. S. Joshi
and A. Agrawal, J. Micromechanics Microengineering, 2015,
25, 083001.
12 R. Zhao, J. N. Marhefka, F. Shu, S. J. Hund, M. V. Kameneva
and J. F. Antaki, Ann. Biomed. Eng., 2008, 36, 1130–1141.
13 K. Vahidkhah, P. Balogh and P. Bagchi, Sci. Rep., 2016, 6, 1–
15.
14 C. Bächer, L. Schrack and S. Gekle, Phys. Rev. Fluids, 2017, 2,
013102.
15 M. Faivre, M. Abkarian, K. Bickraj and H. A. Stone, Biorheol-
ogy, 2006, 43, 147–59.
16 H. Fujiwara, T. Ishikawa, R. Lima, N. Matsuki, Y. Imai, H. Kaji,
M. Nishizawa and T. Yamaguchi, J. Biomech., 2009, 42, 838–
843.
17 E. Sollier, M. Cubizolles, Y. Fouillet and J.-l. Achard, Biomed.
Microdevices, 2010, 12, 485–497.
18 M. G. Lee, S. Choi, H.-J. Kim, H. K. Lim, J.-H. Kim, N. Huh
and J.-K. Park, Appl. Phys. Lett., 2011, 98, 253702.
19 M. G. Lee, S. Choi and J.-K. Park, J. Chromatogr. A, 2011,
1218, 4138–4143.
20 H. Amini, W. Lee and D. Di Carlo, Lab Chip, 2014, 14, 2739.
21 H. W. Hou, A. S. Bhagat, G. Lin, P. Mao and S. Wei, Lab Chip,
2010, 10, 2605–2613.
22 J.-S. Park, S.-H. Song and H.-I. Jung, Lab Chip, 2009, 9, 939–
948.
23 J.-S. Park and H.-I. Jung, Anal. Chem., 2009, 81, 8280–8288.
24 R. Wang, Abstr. Appl. Anal., 2013, 2013, 1–6.
25 S. C. Hur, N. K. Henderson-Maclennan, E. R. McCabe and
D. Di Carlo, Lab Chip, 2011, 11, 912–920.
26 A. Abay, G. Simionato, R. Chachanidze, A. Bogdanova,
L. Hertz, P. Bianchi, E. van den Akker, M. von Lindern,
M. Leonetti, G. Minetti, C. Wagner and L. Kaestner, Front.
Physiol., 2019, 10, 1–14.
27 J. Friend and L. Yeo, Biomicrofluidics, 2010, 4, 026502.
28 C. D. Meinhart, S. T. Wereley and M. H. B. Gray, Meas. Sci.
Technol., 2000, 11, 809–814.
29 C. Poelma, A. Kloosterman, B. P. Hierck and J. Westerweel,
PLoS One, 2012, 7, e45247.
30 A. Passos, J. M. Sherwood, E. Kaliviotis, R. Agrawal,
C. Pavesio and S. Balabani, Phys. Fluids, 2019, 31, 091903.
31 W. Thielicke and E. J. Stamhuis, J. Open Res. Softw., 2014, 2,
1–10.
32 D. T. Chiu, Anal. Bioanal. Chem., 2007, 387, 17–20.
33 D. Pinho, T. Yaginuma and R. Lima, Biochip J., 2013, 7, 367–
374.
34 D. Di Carlo, Lab Chip, 2009, 9, 3038.
35 G. Segre and A. Silberg, Nature, 1961, 189, 209–210.
36 S. C. Hur, H. T. K. Tse and D. Di Carlo, Lab Chip, 2010, 10,
274–280.
37 A. T. Ciftlik, M. Ettori and M. A. M. Gijs, Small, 2013, 9, 2764–
2773.
38 R. Blythman, T. Persoons, N. Jeffers, K. Nolan and D. Murray,
Int. J. Heat Fluid Flow, 2017, 66, 8–17.
39 M. Raffel, C. E. Willert, F. Scarano, C. J. Kähler, S. T. Were-
ley and J. Kompenhans, Particle Image Velocimetry, Springer
International Publishing, 2018.
40 S. Losserand, G. Coupier and T. Podgorski, Microvasc. Res.,
2019, 124, 30–36.
41 Q. Zhou, J. Fidalgo, L. Calvi, M. O. Bernabeu, P. R. Hoskins,
M. S. N. Oliveira and T. Krüger, Phys. Rev. E, 2019, 100,
012203.
42 A. Karimi, S. Yazdi and A. M. Ardekani, Biomicrofluidics, 2013,
7, 021501.
43 S. Yang, S. S. Lee, S. W. Ahn, K. Kang, W. Shim, G. Lee,
K. Hyun and J. M. Kim, Soft Matter, 2012, 8, 5011.
44 R. G. Henríquez Rivera, X. Zhang and M. D. Graham, Phys.
Rev. Fluids, 2016, 1, 060501.
10 | 1–10
